Introduction {#Sec1}
============

Because of the increase in the wastewater treatment capacity, large amounts of sewage sludge as a by-product is produced and stockpiled in environment, which pose a potential environmental risk if not disposed appropriately. Sewage sludge has relative high content of N, P, and other nutrient that is essential for plant growth, and application of sewage sludge in agriculture has been long considered as a sustainable practice owing to the many benefits it provides (Engelhart et al. [@CR23]). Meanwhile, sewage sludge containing hazardous substances such as heavy metals, pathogen, and persistent organic compounds, has potential harm to the environment and can even lead to serious pollution if not properly handled prior to land utilization (Coutand et al. [@CR14]). Related study has demonstrated that heavy metals in untreated sludge are among the most toxic and widespread contaminants because of their high accumulation potential and hardly biodegradable nature (Bruins et al. [@CR9]; Zhao et al. [@CR95]). Therefore, economic and effective approaches are urgently needed prior to landfill or agricultural application due to the high bioavailability of heavy metals in sludge (Donatello and Cheeseman [@CR19]; Wang et al. [@CR79]). Anaerobic digestion is a bio-chemical degradation process of organic materials, with the action of microorganism under anaerobic condition, the biodegradable organics in sludge can be effectively converted to biogas.

Anaerobic digestion, coupled with renewable-energy production in the form of methane, is a complicated biochemical process for waste treatment and utilization (Madsen et al. [@CR46]; Mao et al. [@CR47]). However, problems such as low C/N ratio and operational instability often reduce the digestion efficiency (Appels et al. [@CR4]). This is because anaerobic digestion (AD) process is a multistage, multiphase, and stepwise biodegradation process (hydrolysis, acidogenesis, and acetogenesis and methanogenesis) by a complex community of microorganisms to perform the digestion jobs (Vrieze et al. [@CR73]). Researchers have shown that direct inhibition and indirect inhibition in AD are the major issues, which has a negative effect on microbial activity. Therefore, considerable efforts have been made to improve the activity of microorganism with less problem encountered during the AD process, and the addition of biochar was found to be an effective method (Maroušek et al. [@CR48]). This is because carbonaceous sorbents could be used to adsorb the potential inhibitors from the process due to the abundant pore structures, which can result in improving the activity of the microorganism (Luo et al. [@CR45]). In addition, biochar could also provide a high surface area for the adhesion and growth of microorganism, improve the methane yield, and serve as a soil amendment (Wang and Han [@CR74]).

Biochar, derived from biomass pyrolysis in a closed system with little or no oxygen, has been widely used to remediate contaminated water (Das et al. [@CR16]; Zwieten et al. [@CR99]; Khan et al. [@CR38]; He et al. [@CR31]). Recent studies suggested that biochar as an AD additive could affect microbial activity and community structure, create a surface area to facilitate enzyme immobilization, and reduce nutrients (mainly N and P) losses during AD process (Fagbohungbe et al. [@CR24]). Meanwhile, previous studies have proved that biochar has high adsorption capacities for heavy metals due to its unique properties and cation exchange capacity (Barker [@CR7]; Mohan et al. [@CR50]). However, it has been observed that the pure biochar has the limited adsorption ability due to the limitation of its adsorption mechanisms (Shen et al. [@CR60]). Hence, to overcome the deficiencies of the pristine biochar, modification methods with aim to increase the sorption efficiency have been studied recently (Rajapaksha et al. [@CR56]; Sizmur et al. [@CR63]). Wei et al. ([@CR81]) investigated nitrate removal by biochar-supported nZVI (nZVI-BC) and found 75.0--97.0% of nitrate was removed over a wide pH range 2--12. Bakshi et al. ([@CR6]) found that ZVI-biochar complexes, produced by pyrolysis of magnetite and biomass, greatly enhanced As^5+^ removal from contaminated drinking water. Qian et al. ([@CR54]) found that rice straw biochar-supported nZVI composite showed better Cr (VI) removal compared to nZVI. Nanoscale zerovalent iron (nZVI), as a reductive material, has recently attracted increased attention in environmental remediation because of good removal capacity of a good array of inorganic and organic hazardous materials (He et al. [@CR31]; Keane [@CR37]). In previous study, it was found that nZVI could reduce the oxidation-reduction potential of the AD system (Liu et al. [@CR43]), enhance methane production, and improve methanogenic activity (Feng et al. [@CR26]). However, nZVI in solution tends to aggregate due to its strong magnetic attraction and the contact area for target pollutants reduced (Cumbal and Greenleaf [@CR15]; TP et al. [@CR69]). With regard to these specific challenges when biochar is utilized as one of the most promising support materials for nZVI due to its high sorption capacity, environmental friendliness and cost-effective (Beesley et al. [@CR8]; Wang et al. [@CR77]b; Zhou et al. [@CR96]). Biochar adsorption and nZVI complement each other, suggesting that biochar to support nZVI particles for remediation of contaminated environment is with the potential of wide applications. The previous studies have indicated that nZVI supported on biochar composite (nZVI-BC) can effectively enhance the immobilization and decrease the bio-availability of heavy metals in soil (Su et al. [@CR66]b, [@CR67]). Up to date, very few studies have reported to determine the effects of nZVI-BC addition on the stabilization of AD process and immobilization of heavy metals in sewage sludge.

In this work, biochar derived from corn stover was used to support nZVI obtained by the aqueous phase borohydride reduction method. The objectives of this study were as follows: (1) to investigate the performance of nZVI-BC on enhancing methane production and AD process stability of sludge, (2) to evaluate the effectiveness of nZVI-BC addition on the changes in heavy metals speciation and bioavailability in the end products of AD, and (3) to study the microbial community structures and the diversity of archaea changes in the different reactors.

Materials and methods {#Sec2}
=====================

Sewage sludge and biochar {#Sec3}
-------------------------

The raw sludge samples were collected from a local municipal wastewater treatment plant in Hefei, Anhui Province, China. The raw sludge in the study was characterized and it contained 10.9 ± 0.27% total solids (TS), 53.7 ± 0.33% volatile solids (VS) of TS, 4.5 ± 0.17 C/N ratio, and 6.6 ± 0.19 pH. The total contents of the target heavy metals were 132.57 ± 3.02 mg kg^−1^ Cu, 179.62 ± 6.21 mg kg^−1^ Cr, 92.91 ± 2.79 mg kg^−1^ Ni, 2.72 ± 0.09 mg kg^−1^ Cd, and 1963.79 ± 6.59 mg kg^−1^ Zn. The source of inoculum was a sludge obtained from a long-term continuous lab-scale anaerobic digester in the National Engineering Research Center for Urban Pollution (NERCUPC) at Tongji University. The main characteristics of the inoculated sludge were as follows: TS, 9.6 ± 0.22% (*w*/*w*) and VS were 49.1 ± 1.3% of TS. After collecting the sludge samples, part of it was dried, ground, and filtered through 0.22-μm filter membranes for physicochemical characterization. The rest of the sludge was freeze-dried and used for AD process. The biochar used in the study was derived from pyrolysis of corn stover. About 600 g of the dried corn stover were turned into biochar through continuously high-temperature pyrolysis under constant N~2~ gas production.

Synthesis of biochar-supported nZVI {#Sec4}
-----------------------------------

Corn stover was oven dried at 85 °C and pyrolyzed in a sealed tube furnace to produce pristine biochar at 550 °C for 120 min under constant N~2~ gas production. The obtained biochar was successively rinsed with 1 M HCl, tap water, and distilled water to remove the suspend ash, and then oven dried overnight at 80 °C. Biochar-supported nZVI composites were synthesized according to methods proposed by Jabeen et al. ([@CR34]) with some moderate modification. The reduction reaction is carried out in the following equations:$$\documentclass[12pt]{minimal}
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Biochar-supported nZVI composite was then prepared by liquid-phase reduction process (Dong et al. [@CR21]). Briefly, 2.5 g prepared corn straw biochar was first dispersed in 50 mL 1 M FeCl~3~ solution for 12 h with stirring under room temperature. Subsequently, the mixture was transferred into a three-neck flask and then the N~2~ was purged into the solution under continuous stirring for 1 h to exclude the dissolved O~2~. Then 0.12 M borohydride (NaBH~4~) solution was added dropwise to the above solution followed by 30 min of stirring and continuous N~2~ purging. The suspension was vacuum filtered and then washed several times with deionized water followed by ethanol. After vacuum dried at 60 °C for 12 h, the biochar-supported nZVI composite was finally prepared and then stored in sealing containers at 4 °C prior to use.

Characterization of BC and nZVI-BC {#Sec5}
----------------------------------

The total carbon, hydrogen, and nitrogen contents of BC and nZVI-BC composite were determined using an Elemental analyzer (Elementar Analysensysteme Gmbh, Hanau, Germany). The Fe content in BC and nZVI-BC was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES) (Perkin Elmer Optima 2100 DV ICP-AES). Ash contents of the materials were defined as the mass remaining after pyrolysis at 750 °C in a crucible until a constant weight was obtained. Brunauer-Emmett-Teller (BET)-specific surface area was measured using ASAP2020 surface area and porosity analyzer (Micromeritics, Norcross, USA). Scanning electron microscope (SEM, Hitachi 4700 microscope, Hitachi) was used to determine the morphology of the samples. The surface chemistry analysis of the composite was conducted using X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi). Transmission electron microscopy (TEM) analysis was carried out using a JEM-2100F (JEOL, 200 kV) to observe the microstructure of the materials.

Anaerobic digestion experimentation {#Sec6}
-----------------------------------

The batch experiments were performed in 500 mL serum bottles at mesophilic temperature (37 ± 1) °C with a working volume of 450 mL, and each set of experimental condition was conducted in triplicate. The inoculum to substrate ratio was set between 0.31 and 0.33 based on the volatile solid. Seven sets of batch experiments were set up and the design is as follows: (R0):150 g sludge without BC or nZVI-BC; (R1): 150 g sludge with 0.75 g BC (0.064 g/g dry matter); (R2): 150 g sludge with 0.75 g nZVI-BC (0.064 g/g dry matter); (R3): 150 g sludge with 1.50 g nZVI-BC (0.13 g/g dry matter); (R4): 150 g sludge with 2.50 g nZVI-BC (0.21 g/g dry matter); (R5): 150 g sludge with 4.00 g nZVI-BC (0.34 g/g dry matter); and (R6): 150 g sludge with 5.00 g nZVI-BC (0.43 g/g dry matter). Sludge samples were well homogenized and diluted to 10% of total solid and then sonicated for 20 min. After feeding the reactors, each of the bottle was tightly sealed with rubber plugs and then secured with aluminum after being flushed with high-purity nitrogen gas (\> 99.99%) (Koch et al. [@CR39]). Thereafter, all batch reactors were incubated in a thermostatic shaker at (37 ± 1) °C and 170 rpm until no significant methane production was observed, within approximately 34 days.

Metal contents and sequential fractionation {#Sec7}
-------------------------------------------

The total concentrations of heavy metals were measured by digesting the dry sludge samples with aqua regia for 180-min reaction time (Dong et al. [@CR20]). Then the extracts were filtered through 0.22 μm filter membranes before analyzing the total metal content on an ICP-AES instrument (Perkin Elmer Optima 2100 DV ICP-AES). The modified sequential extraction procedure as reported by Aikpokpodion et al. ([@CR2]) was implemented to analyze the speciation of Cu, Cd, Ni, Cr, and Zn in sludge samples with six steps, which can be presented in sequence: step one, water-soluble fraction (F1); step two, exchangeable fraction (F2); step three, carbonate-bound fraction (F3); step four, Fe-Mn oxides-bound fraction (F4); step five, organic and sulfide-bound fraction (F5); and step six, residual fraction (F6). The details of the modified sequential extraction procedures were reported in our previous study (Zhang et al. [@CR93]). The mobility factors (MFs) of heavy metals was calculated as the ration between the sum of the water-soluble, exchangeable, and carbonate-bound fractions (F1, F2, and F3) and the total concentration.

Analytical methods for chemical index {#Sec8}
-------------------------------------

The biogas production and methane content were measured every day. The analytical methods for TS, VS, alkalinity, ammonia nitrogen, TCOD, and SCOD were determined following the standard methods for the examination of water and wastewater (APHA [@CR3]). The pH vales were measured using a pH meter (pHS-2F, Shanghai Precision and Scientific Instrument Co. Ltd., Shanghai, China). Gas and liquid sludge samples were collected periodically for analysis until biogas production ceased. Approximately 8 mL of biogas samples was withdrawn from each of the reactors and stored in an air bag, and the methane content in biogas were determined by gas chromatograph (GC, Agilent Technologies 6890N, CA, USA) equipped with a thermal conductivity detector (TCD) using helium gas as a carrier gas. The volatile fatty acids (VFA) were detected with a gas chromatograph (GC, Agilent Technologies 6890N, CA, USA) equipped with a flam ionization detector (FID). All the measurements in the study were carried out in triplicates and the average values were reported.

Archaeal community analysis {#Sec9}
---------------------------

The archaea communities in reactors before and after nZVI-BC addition were investigated by Illumina high-throughput sequencing. Sludge samples were collected from the reactors after anaerobic digestion for 34 days. About 7 mL of sludge samples were immediately freezed at − 20 °C for microbial analysis. DNA was extracted using the MoBio Ultra Clean™ soil DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA) according to the manufacturer's instruction. The DNA was quantified by 2% agarose gel electrophoresis and its purity was determined by measuring the 260/280 nm absorbance ratio (Chen et al. [@CR11]). DNA from the sludge was amplified by PCR using archaea primer sets 349F (CCCTACACG-ACGCTCTTCCGATCTN (barcode) GYGCASCAGKCGMGAAW) and 806R (GACTGGAGTTCCTTGGCACCCGAGAATTCCAGGACTACVSGGGTATCTAAT) for PCR amplification (Su et al. [@CR65]; Zhang et al. [@CR94]). Amplifications were carried out as follows: initial denaturation at 94 °C for 3 min, followed by 20 cycles of denaturation at 94 °C for 20 s, primer annealing at 55 °C for 20 s, and extension at 72 °C for 30 s and a final extension at 72°Cfor 5 min. After amplification, sludge samples were sent out for pyrosequencing on the Illumina MiSeq platform (Shanghai Sangon Technology Co., Ltd). Rarefaction curve and alpha diversity statistics (the Shannon index, the Simpson index, and the Chao1 richness) were analyzed for each sludge samples (Shu et al. [@CR62]).

Statistical analysis {#Sec10}
--------------------

In this work, calculation of arithmetical mean and standard deviations were performed using Microsoft Excel 2016. Statistical analysis was carried out using the software version SPSS 13.0 for windows (SPSS, Chicago, IL). Duncan's new multiple range test (DMRT) was employed to assess the differences between the treatment means. One-way AVONA analysis was implemented to assess the statistical significance of differences between the mean results of different treatments. The level of significance was set to *p* ≤ 0.05.

Results and discussion {#Sec11}
======================

Properties of BC and nZVI-BC {#Sec12}
----------------------------

Table [1](#Tab1){ref-type="table"} shows the elemental analysis and surface area analysis of BC and nZVI-BC. Elemental compositions of nZVI-BC had lower carbon content (85.9% for BC and 71.9% for nZVI-BC) and hydrogen content (1.72% for BC and 0.62% for nZVI-BC) than BC. Compared to BC, nZVI-BC had higher O/C ratio (0.07 for BC, 0.15 for BC-nZVI), suggesting that nZVI-BC composite contained more oxygen functional groups and had better adsorption ability (Yang et al. [@CR86]). Bulk Fe content in nZVI-BC composite was about 136.25 times greater than that in biochar, indicating that iron was successfully impregnated in BC. In comparison, the average pore width of nZVI-BC increased significantly as shown in Table [1](#Tab1){ref-type="table"}. The possible reason may be that through chemical modification, the volatile was released from the biochar matrix as well as the incorporation of nanoparticles which facilitated the enlargement of the existing pores, as reported by Zhu et al. ([@CR97]). The specific surface area of BC and nZVI-BC were 61.9 m^2^/g and 16.7 m^2^/g respectively. The decreased specific surface area of nZVI-BC was attributed to the reason that the pore structure of biochar was completely blocked by nZVI particles (Zhu et al. [@CR98]). It is also possible that the pore structure of biochar was destroyed or collapsed by chemical reactions during chemical modification (Neeli and Ramsurn [@CR52]).Table 1Physical and chemical characteristics of BC and nZVI-BCSamplesC (%)H (%)N (%)O (%)Fe (%)S~BET~ (m^2^/g)Pore width (nm)BC85.91.720.916.020.0761.921.3nZVI-BC71.90.620.5910.7110.916.759.2

The surface morphology and microstructure of BC and nZVI-BC were examined using SEM and TEM. SEM images (Fig. [1](#Fig1){ref-type="fig"}a, b) showed that both biochar and nZVI-BC consist of irregularly shaped particles with rough surface and abundant porous structure. Obviously, nZVI-BC was rougher than BC and had more micropores. The TEM images (Fig. [1](#Fig1){ref-type="fig"} c, d) showed that the nanoparticles imbedded in biochar matrix were spherical and easily agglomerated, whereas the carbon support can effectively inhibit agglomeration.Fig. 1SEM of the biochar (**a**) and nZVI-BC composite (**b**). TEM images of nZVI-BC (**c**, **d**)

XPS was performed to investigate the surface composition and chemical states of nZVI-BC composite. The XPS survey spectrum (Fig. [2](#Fig2){ref-type="fig"}a, b) conforms the presence of C, N, O, and Fe elements in the composite. The two intense peaks at 711.4 eV and 725.2 eV in the high-resolution Fe 2p XPS spectrum correspond to the 2p3/2 binding energies of Fe/Fe~2~O~3~/Fe~3~O~4~/Fe (OH) O and 2p1/2 binding energies of FeOOH/Fe~2~O~3~ composites, respectively (Tian et al. [@CR71]). And the peaks at 707.6 eV indicated the presence of nZVI (Yoon et al. [@CR89]). The intense peaks at 530.7 eV (O 1S) showed that the presence of metal oxides on account of the oxidation of surface nZVI particles to Fe~2~O~3~/Fe~3~O~4~/Fe (Tian et al. [@CR70]; Qiu et al. [@CR55]).Fig. 2XPS spectra of nZVI-BC. Spectra were obtained by plotting counts against binding energy for Fe 2p (**a**, **c**), O1s (**b**), and overall survey (**d**) in a wide scan

Effect of nZVI-BC addition on methane production from anaerobic digestion of sewage sludge {#Sec13}
------------------------------------------------------------------------------------------

The experimental reactors run in batch mode at 37 °C for 34 days. As key parameters for evaluating the anaerobic digestion performance, the cumulative methane production, daily methane yield, and the methane content of biogas are shown in Fig. [3](#Fig3){ref-type="fig"}. The cumulative methane production after 34 days digestion reached 53.29 ± 1.66, 74.13 ± 3.26, 87.31 ± 3.29, 108.51 ± 4.72, and 114.78 ± 4.35 L kg^−1^ VS for digesters with 0, 0.75 g BC, 0.75 g nZVI-BC, and 1.50 g nZVI-BC treatment, respectively (Fig. [3](#Fig3){ref-type="fig"}a). At mesophilic temperature, compared to the control, the BC and nZVI-BC amendment raised the cumulative methane yield by 39.11% and 63.84% for the digesters with 0.75 g BC and 0.75 g nZVI-BC treatment, respectively. The highest cumulative methane production was observed in the reactors with 2.50 g nZVI-BC treatment, 115.39% higher than the control and 31.46% higher than that in the reactors with 0.75 g nZVI-BC treatment. However, the digesters with 5.00 g nZVi-BC exhibited the lowest cumulative methane yield, which was 61.66% lower than the control. And the result was in accordance with Su et al. ([@CR64]), who found that the methane concentration in produced biogas and methane yield increased by 5.1--13.2% and 40.4% when nZVI was added in the anaerobic digestion reactors after 17 days of digestion, respectively. Results showed that right amount of nZVI-BC could promote the sludge cells dissolution of organics and enhance the adaption and activity of methanobacteria (Wei et al. [@CR82]b; Zhang et al. [@CR92]) while the excessive dosage of nZVI can inactive bacteria by causing serious damage to the cell membranes and methane yield decrease (Xie et al. [@CR84]). The higher methane production compared to the control might be caused by four main reasons. First, biochar is of porous structure with large surface area, which has used as an adsorbent to remove metabolite such as acetic acid and hydrogen iron required for methane production (Bagreev et al. [@CR5]). Second, nZVI can be degraded to form iron hydroxide and iron oxides minerals surrounding the nZVI core, and the reduction/oxidation cycle of Fe^3+^/Fe^2+^ and zero iron in the core accelerated the electron flow from the oxidation of acetate to *hydrogenotrophic* methanogenesis (Jiang et al. [@CR35]). Third, nZVI can be oxidized to Fe^2+^ under anoxic condition (Fe^0^ + 2H^+^ → Fe^2+^ + H~2~), nZVI and produced H~2~ could serve as electron donor for reduction of CO~2~ to CH~4~ which resulted in the improvement of methane production (Suanon et al. [@CR68]; Jiang et al. [@CR35]) (As shown in Eqs. ([2](#Equ2){ref-type=""}) and ([3](#Equ3){ref-type=""})). nZVI consumed hydrogen ions and meanwhile supplied electrons, which were used by methanogens to enhance activity and metabolic rates. Finally, Fe contained in the nZVI-BC composite is known as essential micronutrients for enzyme immobilization as well as supporting metabolisms during AD process (Choong et al. [@CR13]). The presence of biochar was efficient in decreasing the aggregation of nZVI particles so that its activity was relatively higher compared with the bare nZVI (Gong et al. [@CR29]). However, the methanogenesis inhibition through the sludge anaerobic digestion process is attributed to the disruption of cell membrane that massive dosage of nZVI particles caused (Yang et al. [@CR85]).$$\documentclass[12pt]{minimal}
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Figure [3](#Fig3){ref-type="fig"}b showed the daily methane yield in digesters and it was obvious that there were significant differences (*p* \< 0.05) between different treatment groups. The methane production increased rapidly in the start-up stage of the AD process (\< 5--7 days), while the amount of methane production rose up little after digestion for 20 days. This is because the initial methane production peak could correspond to the decomposition of the available soluble organic substrates in the sludge; afterwards, the methanogenic activities were inhibited due to the substantial accumulation of VFA and available organic substrates were being metabolized (Xi et al. [@CR83]). The maximum daily methane production was observed in the digesters with 2.50 g nZVI-BC treatment, which yields 11.38 L kg^−1^ VS/day on day 5, while the other additives were unable to yield as high as that.

For mesophilic operation, methane content in the AD process changed along with the dosage of nZVI-BC addition. As shown in Fig. [3](#Fig3){ref-type="fig"}c, results showed that methane content of all digesters were very low in the early stages of AD (about 25.4--37.2%). It could be concluded that the microbial activity was partially inhibited and was still in adjustment. After 6 days digestion, methane content increased sharply which could be due to the microorganism adapted to the new environment and microbial activity recovered. The highest methane content was achieved in the reactors with 2.50 g nZVI-BC treatment, reaching 76.7% on day 9, which was 18.77% higher than the control (62.3%). However, the methane content was lower in the reactors with 5.00 g nZVI-BC treatment, no more than 65% during the whole AD process. The previous studies showed that AD process reached into equilibrium when the methane content in system was superior or equal to 60% (Yuan et al. [@CR90]). The methane content from all the nZVI-BC amended digesters and the control dramatically dropped after day 27. Dearman and Bentham ([@CR17]) had reported that decreases in methane content were related to the limited available carbon-base nutrients for producing methane.

As depicted in Fig. [3](#Fig3){ref-type="fig"}d, a strong correlation (*R*^2^ = 0.9935) between the dosage of nZVI-BC and the increment of cumulative methane production (△cumulative methane production) was found under the test conditions in the experiment (as shown in Eq. ([2](#Equ2){ref-type=""})).

The maximum cumulative methane production (117.94 L/kg VS) was obtained when 2.25 g nZVI-BC was added to the mesophilic AD system. That is, there is a strong and positive relevance between the cumulative methane yields and the dosage of nZVI-BC below 2.25 g, while a falling limb occurred if surpassed. Besides, it was assumed that when the dosage of nZVI-BC increased to 4.49 g, the gas production stopped, and the AD process was completely inhibited. Therefore, in the experiment, the optimal doses of nZVI-BC were 2.25 g, which is beneficial to enhance methane production due to its ability to promote biofilm formation and improve the microorganism activity in the sludge (Mumme et al. [@CR51]; Torri and Fabbri [@CR72]).

Impact of nZVI-BC addition on digesters performance {#Sec14}
---------------------------------------------------

Figure [4](#Fig4){ref-type="fig"} shows the characteristics of the system including pH, VFA, NH~3~-N, and alkalinity after 34 days of AD, and the values of these parameters could well manifest the stability of the AD system (Ying et al. [@CR88]). The digester pH is an important parameter which influences the microbial activity and AD process stability (Watling et al. [@CR80]). Previous research showed that the most favorable pH for methanogenic activity was in the range of 6.6--7.8 (Shi et al. [@CR61]). In the study, the pH changes had four stages, and the initial pH was adjusted to 7.2 ± 0.2 in all digesters. As shown in Fig. [4](#Fig4){ref-type="fig"}a, the pH value decreased at the beginning of the digestion due to the accumulation of VFA. After dosing different dosages of nZVI-BC, a turning point was obtained due to the alkaline of the nZVI-BC composite. Afterwards, the drastically decrease of pH in the digesters with or without nZVI-BC addition might be due to the consumption of the VFA accumulated in early stage of AD process (Ahn et al. [@CR1]). After 23 days, the pH value variation trended to be steady. Moreover, the digester with 2.50 g nZVI-BC treatment maintained the pH at the level of 7.5--7.6, which could be attributed to the buffering role that nZVI played by the dissociation of Fe^0+^$\documentclass[12pt]{minimal}
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To evaluate the AD process stability, the VFA variation was measured during AD process in different treatment digesters. As shown in Fig. [4](#Fig4){ref-type="fig"}b, TVFA in anaerobic fermentation kept increasing during the initial 9 days, due to the decomposition of organics in sludge and lower activity of anaerobic microbe. The group with 2.50 g nZVI-BC treatment had the largest TVFA concentration at the acid production stage, up to (7591.1 ± 216.92) mg COD/L; and then kept the TVFA concentration at the level of (4579.2--4089.1) mg COD/L at the methane production stage. The cultures with nZVI-BC addition (R5 and R6 excepted) degraded VFA faster than the control during the first 18 days of the experiment, suggesting that the moderate amount of nZVI-BC is beneficial to improve the activity of methanogens and enhanced the degradation of organics. As it was well-known that the conversion of propionate to acetate is unfavorable in thermodynamics (as shown in Eqs. (4) and (5)) (Meng et al. [@CR49]), the accumulation of propionate in digesters has a negative effect on activities of methanogens. The addition of nZVI-BC effectively increased the total VFA yield and optimized the thermodynamically beneficial condition to avoid propionic acid-type fermentation, which would benefit methane production (Wei et al. [@CR82]b). Besides, we found that more H~2~ was likely produced in the conversion of propionate to acetate, which served as direct substrate and utilized by the hydrogenotrophic methanogens. The above results indicated that the addition of nZVI-BC enhanced the methanogenic activity and accelerated the conversion of VFA.$$\documentclass[12pt]{minimal}
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∆G = 48.1 (kJ/mol).

Researchers have shown that free ammonia is more toxic than ammonium nitrogen due to its ability to penetrate the cell membrane (Chen et al. [@CR10]). Figure [4](#Fig4){ref-type="fig"}c showed that the contents of NH~3~-N in the six treatment all increased after anaerobic digestion except the control. Previous research indicated that the inhibiting threshold of NH~3~-N concentration is from 1700 to 2500 mg/L (Hashimoto [@CR30]), and all the digesters in the experiment were below the value. Specially, the NH~3~-N concentration after AD increased with the increase of nZVI-BC application amount, which could be attributed to the higher pH with nZVI-BC amendment is beneficial to shift the NH~3~/NH~4~^+^ dissociation equilibrium toward the NH~3~ formation (NH~4~ + OH^−^ → NH~3~ + H~2~O). During mesophilic AD, the NH~3~-N concentration increased by 11.11% in the control digester, whereas it decreased 12.45--14.41% after AD in nZVI-BC digesters compared to the control. The results indicated that the feasibility of using nZVI-BC to alleviate NH~3~ inhibition. Huang et al. ([@CR33]) reported that the released iron ions (Fe^3+^/Fe^2+^) in the fermentation liquor were supposed to form mineral precipitates with NH^4+^, probably contributed greatly to the decreased ammonia concentration and enhanced the AD process stability. Meanwhile, nZVI-BC addition might alleviate NH~3~ inhibition with a high specific surface area capable of adsorbing ammonia during AD process (Shen et al. [@CR59]).

The total alkalinity concentration is a key index controlling the stability of AD and was measured at the beginning and end of the study under the test condition. The total alkalinity concentrations of all nZVI-BC amended digesters increased and were all significantly higher than those of the control after AD (Fig. [4](#Fig4){ref-type="fig"}d), which is mainly due to the metal cations (Na^+^, K^+^, and Ca^2+^) release from the surface of the biochar as well as NH~3~ can react with CO~2~ to generate HCO~3~^−^/CO~3~^2−^ buffer (Shen et al. [@CR59]). At mesophilic temperature, compared to the control, the nZVI-BC amendment raised the total alkalinity concentration by 8.34%, 22.39%, 37.25%, 58.88%, and 70.49% of digesters with 0.75 g, 1.50 g, 2.50 g, 4.00 g, and 5.00 g nZVI-BC treatment, respectively. Higher alkalinity indicates stronger buffer ability and more stability of AD system. Furthermore, VFA/alkalinity ratio is another criterion for judging the stability of AD system, and the value of the ratio below 0.4 indicates that the digestion process could operate stably (Chen et al. [@CR12]). Values of VFA/alkalinity in the experiment were far below 0.4 in the reactors with 2.50 g nZVI-BC treatment, while the values were 0.42 and 0.46 for the reactors with 4.00 g and 5.00 g nZVI-BC treatment, respectively. The improved total alkalinity concentration can enhance buffering capacity and prevent pH drop resulting from the organic acid obtained in AD process, indicating the strong stability for the AD process.

Heavy metal immobilization by nZVI-BC {#Sec15}
-------------------------------------

The species distribution of heavy metals is critical in the determination of toxicity and migration of heavy metals and directly affects the possibility of sludge application (Wang et al. [@CR75]). Heavy metals usually are divided into bioavailable (F1 + F2 + F3), potentially bioavailable (F4 + F5), and non-bioavailable (F6) fractions depending on their mobility and eco-toxicity in environment (Wang et al. [@CR76], [@CR77]). The modified Tessier sequential extraction procedure was used in the experiment to determine the chemical speciation of Cr, Cd, Ni, Cu, and Zn in the digesters after AD. Figure [5](#Fig5){ref-type="fig"} shows the speciation distribution of heavy metals in six fractions. It was observed that the addition of nZVI-BC had notably affected the speciation distribution of the target heavy metals in sewage sludge after AD. The result shows that less than 7.0% of the target heavy metals were released into the water solution, and the water-soluble heavy metal contents gradually decreased with the increase of nZVI-BC application amount. As can be seen, porous structure of biochar could adsorb or react with heavy metals in sludge to form stable metals complex owing to the functional groups on the biochar's surface (Puga et al. [@CR53]). Meanwhile, studies showed that nZVI was an effective reducing agent and can be used to remove a variety of heavy metals through chemical reduction (Eglal and Ramamurthy [@CR22]; Wang et al. [@CR78]). The strong synergistic effects between the surface properties of biochar and zero valent iron greatly enhanced the adsorption efficiency of heavy metals in sludge.Fig. 5Heavy metals speciation distributions in different digesters of sewage sludge

Comparisons of each digesters showed that different mixture ratios have a significant effect on the fraction distribution at the mesophilic conditions. During the AD process, percentages of bioavailable metals in the F1, F2, and F3 fractions varied with an average decrease of 54.09% Cr, 32.35% Ni, 47.37% Cd, 48.46% Cu, and 35.89% Zn in digesters with 2.50 g nZVI-BC treatment compared to the control. The variation about the five target heavy metals were not the same, the content of available Cr decreased the most, followed by Cu, Cd, Ni, and Zn. Shang et al. ([@CR58]) also stated that the nZVI-BC composite was an effective reagent for treating wastewater contaminated with Cr (VI). The groups with 2.50 g nZVI-BC treatment had the best effect on heavy metal immobilization, followed by the digesters with 1.50 g and 4.00 g nZVI-BC treatment. However, greater amounts of amended nZVI-BC do not necessarily lead to enhance the stability of the target heavy metals, and the result was consistent with Diao et al. ([@CR18]).

Therefore, based on the data, it can be concluded that nZVI-BC can effectively improve the stability of heavy metals in sludge which attribute to a synergistic effect on the adsorption coupled reduction over the nZVI-BC composite. Along with its oxygen-containing functional groups on biochar surface, nZVI-BC provided more reactive sites for heavy metals to generate stable metal complexes. The main mechanism about adsorption of metals by biochar mainly occurs though electrostatic attraction, iron-exchange, and precipitation onto the surface of the composite (Fagbohungbe et al. [@CR24]). Moreover, the presence of biochar was successfully utilized to decrease the aggregation of nZVI particles to increase their reactivity in environmental application (Table [2](#Tab2){ref-type="table"}).Table 2The sum of water-soluble, carbonate-bound, and Fe-Mn oxide-bound fractions of heavy metal in solid phase after anaerobic digestionnZVI-BCCr (mg/kg)Ni (mg/kg)Cd (mg/kg)Cu (mg/kg)Zn (mg/kg)Control35.35 ± 1.2^a^40.59 ± 1.1^b^0.38 ± 0.0138.87 ± 1.28366.37 ± 11.20.75 g28.25 ± 1.037.76 ± 1.20.32 ± 0.0131.94 ± 1.21339.59 ± 11.291.50 g22.96 ± 0.9231.75 ± 0.960.25 ± 0.0124.52 ± 0.79244.49 ± 11.722.50 g16.23 ± 0.7627.46 ± 0.690.20 ± 0.0120.04 ± 0.89234.88 ± 9.024.00 g23.16 ± 0.9530.43 ± 1.190.27 ± 0.0129.19 ± 1.23207.50 ± 8.715.00 g21.17 ± 0.9127.51 ± 0.790.28 ± 0.0125.14 ± 0.72193.60 ± 7.79^a^Values represent the means ± standard deviation (SD)^b^The date are expressed as the mean value ± standard deviation (*n* = 3)

Response of the archaeal community to biochar addition {#Sec16}
------------------------------------------------------

After filtering low quality and trimming the adapters, primers, and barcodes, there were 263,683 (S1), 28,904 (S2), 29,381 (S3), 28,576 (S4), 23,454 (S5), and 26,696 (S6) high-quality sequence reads in the digesters with the control; 0.75 g, 1.50 g, 2.50 g, 4.00 g, 5.00 g nZVI-BC treatment, separately; and a total of 132 archaeal OTUs grouped into 15 genera. Among them, 99.9% of the 132 OTUs were classified in orders Methanosarcinales, Methanomicrobiales, and Methanobacteriales. *Methrix*, *methanothrix*, *methanobacterium*, *methanospirillum*, and *methanosarcina* were the most abundant archaea at genus level (99.1 ± 11.2%). The other genera only accounted for very little percent in all archaeal reads. It was implied that nZVI-BC addition did not change the species but the abundance of archaea, which was consistent with the previous studies (Kong et al. [@CR41]). To identify the microbial community changes in digesters after addition of nZVI-BC, the richness and diversity of species were analyzed using Illumina high throughput sequencing. A higher Shannon index and lower Simpson index represents better richness of the microbial population and the larger number of species (Zhang et al. [@CR94]).

As shown in Table [3](#Tab3){ref-type="table"}, for the bacteria community after nZVI-BC addition, the Shannon index increased from 1.70 (S1) to 2.00 (S4) and the Simpson index decreased from 0.29 (S1) to 0.23 (S4). Shannon diversity index is usually used to evaluate the community species of the microbial community. So, archaeal community in S4 samples were more diverse than the other samples due to the higher Shannon index and lower Simpson index. Chao1 estimators suggested that the S4 samples possessed the highest microbial richness among the six different treatments, while the S6 samples shown the lowest. These results revealed that moderate dosage of nZVI-BC addition could increase the diversity of microbial community.Table 3Microbial community diversity analysis of bacteria and archaea of nZVI-BC amended and control groupsSampleOTU numShannon indexACE indexChao1 indexSimpsonS11761.70259.69253.080.27S21991.70262.72258.520.29S31931.88282.30272.160.25S42152.00341.96295.780.23S52161.90307.90277.750.24S61801.70289.34244.020.27

In order to identify the phylogenetic diversity of archaeal communities in the six different treatment digesters, the relative abundance at genus levels was studied in the research. For the archaea community, as shown in Fig. [6](#Fig6){ref-type="fig"}, *methanosaeta*, *methanobacterium*, and *methanospirillum* were the three most abundant archaea at genus level in six reactors. And the most dominant genus in the six digesters was *methanosaeta* species, accounting for 63.4%, 60.45%, 59.7%, and 55.93% in the S1, S2, S3, and S4 samples, respectively. *Methanosaeta* was strict anaerobe and could only use acetate to produce methane (Yuan et al. [@CR90]). *Methanobacterium* and *methanospirillum* are typical H~2~-utilizing methanogen which could produce methane by reducing CO~2~ with H~2~ and formic acid (Garcia et al. [@CR28]; Ye et al. [@CR87]), and their relative abundance in nZVI-BC addition reactors were higher than that in the control. In contrast, the relative abundance of *methanosaeta* decreased from 63.4% in S1 to 55.93% in S4, indicating that the anaerobic and high-solid environment would weaken the competitive advantages of aceticlastic methanogens, and more *hydrogenotrophic* methanogens occurred in nZVI-BC implemented digesters. The above analysis results are in accord with the research by Liu et al. ([@CR44]). Previous studies reported that *hydrogenotrophic* methanogens were more robust and therefore, more abundant than aceticlastic methanogens during sludge anaerobic digestion process (Fan et al. [@CR25]). The obtained results implied that the nZVI-BC treatment could effectively enhanced sludge anaerobic digestion led to a community shift from the initial sludge to acclimated communities of the anaerobic digestion system, with the enrichment of specialized methanogens. Ye et al. ([@CR87]) found that the conductive materials such as hematite and magnetite contained in the red mud could effectively enhance the activities of several key enzymes in the hydrolysis-acidification process, which triggered the electron transfer and the CO~2~ reduction to CH~4~ by methanogenesis in the following reaction (as shown in Eq. ([6](#Equ6){ref-type=""})):$$\documentclass[12pt]{minimal}
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The results were consistent with the improved performance of methane production with the moderate dosage of nZVI-BC addition. Previous studies have reported that nZVI particles could increase the activity of methanogens, participate biosynthesis of the key enzymes, and optimize the structure of microbial community (Ren et al. [@CR57]; Zhang et al. [@CR91]). In addition, nZVI can also provide trace element which is necessary for the growth and metabolic process of microorganisms (Karri et al. [@CR36]). From the community diversity analysis and combined with the methane yield in different treatment groups, it was clear that the addition of nZVI-BC changed the microbial structure. Furthermore, the result of the microbial analysis supports the mechanism assumption that nZVI could increase the relative abundance of *hydrogenotrophic* and reduce hydrogen pressure in AD system for improving the conversion of VFA (Kong et al. [@CR40]).

Conclusion {#Sec17}
==========

In this study, nanoscale zerovalent iron particles supported on corn stover-derived biochar (nZVI-BC) was synthesized, characterized, and used to investigate the impact of nZVI-BC on anaerobic digestion process at mesophilic temperature. It can be concluded that nZVI-BC addition could efficiently enhance methanogenic activity and increase the methane yield by 115.39%, but inhibitory effects were observed at high dosage. The composite of nZVI-BC also reduced free ammonia concentration, increased alkalinity, and improved the buffer capacity of the digestion system. All the nZVI-BC amended digesters shift the target heavy metals distribution from bioavailable fractions to the non-bioavailable fractions, which was at low potential ecological risk. Moreover, nZVI-BC evidently increased the diversity of archaea community and changed the methanogenic community structure. The results would provide the theoretical basis and technology supports for enhancing the stability of process and methane yields in sludge AD system.

AD

:   Anaerobic digestion

nZVI

:   Nanoscale zerovalent iron

nZVI-BC

:   Biochar supported nZVI

TS

:   Total solids

VS

:   Volatile solids

VFA

:   Volatile fatty acids

C/N

:   Carbon-to nitrogen ratio
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